In mammals, dosage compensation for X-linked transcripts is achieved by the developmentally regulated inactivation of one of the two X chromosomes in female cells. X-chromosome inactivation (XCI) is initiated by X inactive-specific transcript (Xist), a noncoding RNA ∼17 kb in length (Brockdorff et al. 1992; Brown et al. 1992; Lee et al. 1996; Penny et al. 1996) . Xist RNA is expressed from the inactive X chromosome (Xi) elect and accumulates in cis to form a domain over the entire chromosome, serving as a trigger for a cascade of chromatin modifications that results in the progressive transition toward a stable, heritable, repressed state (for review, see Heard and Disteche 2006) .
Analysis of Xist transgenes has revealed that Xist-mediated chromosome silencing and Xist RNA localization are conferred by distinct elements (Wutz et al. 2002) . Silencing activity maps in large part to the A repeat, a short tandemly repeated region located at the 5 ′ end of Xist.I n contrast, localization maps to several redundantly acting elements, including the tandem repeat regions C, E, and F (Wutz et al. 2002; Jeon and Lee 2011; Makhlouf et al. 2014; Yamada et al. 2015) .
Xist spreading occurs through a sequence of events dictated by the architecture of the X chromosome. Xist RNA searches for binding sites in three dimensions, leading to modification of chromosome structure, before spreading to newly accessible locations (Engreitz et al. 2013; Simon et al. 2013) . While the nature of Xist RNA-binding sites is poorly defined, it is known that Xist RNA localizes to the perichromatin compartment that corresponds to the nuclear matrix (NM) (Clemson et al. 1996; Smeets et al. 2014) . Accordingly, the NM proteins scaffold attachment factor A (SAF-A; hnRNPU) and hnRNP UL1 are involved in anchoring Xist RNA within Xi (Helbig and Fackelmayer 2003; Hasegawa et al. 2010; Sakaguchi et al. 2016) . Additionally, NM protein 1 (NMP1; YY1) (Guo et al. 1995) has been implicated in tethering Xist RNA to chromatin (Jeon and Lee 2011; Makhlouf et al. 2014) . In naïve B and T cells, Xist RNA is dispersed in the nucleoplasm but is recruited to Xi upon lymphocyte activation in a process that involves YY1 and SAF-A (Wang et al. 2016) .
Recent proteomic and genetic screens have identified several novel Xist-interacting factors, some of which now have confirmed roles in Xist-mediated silencing (Chu et al. 2015; McHugh et al. 2015; Moindrot et al. 2015; Monfort et al. 2015) . With the exception of SAF-A identified previously (Hasegawa et al. 2010) , none of the factors investigated in detail was found to affect Xist localization (Chu et al. 2015; McHugh et al. 2015) .
Random XCI of the paternal or maternal chromosome occurs around embryonic day 5.5 (E5.5) and is propagated through subsequent cell divisions. This can be recapitulated in XX mouse embryonic stem cells (mESCs), allowing fine-tuned analysis of the timing and the earliest events in the initiation process. Examples include deposition of histone 3 Lys27 trimethylation (H3K27me3) and hypoacetylation of H4, which occur rapidly at the onset of Xist RNA expression, and DNA methylation of promoters of X-linked genes and association of the variant histone macroH2A, which occur at later stages of the XCI process (Pollex and Heard 2012) . Xist-dependent silencing occurs within a developmental window of opportunity corresponding to early stages of differentiation in the XX ESC model (Wutz and Jaenisch 2000) . Beyond this time, XCI enters a maintenance phase in which Xist is largely dispensable (Brown and Willard 1994; Csankovszki et al. 1999 ) despite continued expression.
Here we define a novel Xist localization factor, the NM protein Cip1-interacting zinc finger protein 1 (CIZ1). CIZ1 was characterized previously as a factor with roles in initiation of DNA replication (Coverley et al. 2005) , interacting directly with CDK2, p21/CIP1 (Mitsui et al. 1999) , and cyclins (Copeland et al. 2010 ) and supporting cyclin recruitment to the NM (Copeland et al. 2015) . The NM anchor domain in the C-terminal third of CIZ1 (Ainscough et al. 2007 ) mediates immobilization of CIZ1 and its interaction partners but retains the ability to become incorporated into the NM in the absence of cyclin cargo. CIZ1 has also been linked with post-replicative functions in male germ cell differentiation (Greaves et al. 2012) . CIZ1 transcripts are alternatively spliced to yield at least 22 variants (Rahman et al. 2010) , most of which are not characterized. Aberrant alternative splicing underlies its links with a range of pathologies, including pediatric tumors and common adult-onset cancers of the breast (den Hollander et al. 2006 ) and lung (Higgins et al. 2012) as well as neurological abnormalities (Xiao et al. 2016 ). Here we describe Xist-dependent recruitment of CIZ1 to Xi and a requirement for CIZ1 to maintain Xist RNA localization at Xi in fibroblasts and splenocytes.
Results

CIZ1 accumulates at Xi in female cells
Immunolocalization of endogenous CIZ1 via epitopes in its N-terminal DNA replication domain (Coverley et al. 2005; Copeland et al. 2010) or C-terminal NM anchor domain ( Fig. 1A ; Ainscough et al. 2007 ) reveal one or two high-intensity domains within the nucleus of female human or mouse cultured fibroblasts plus smaller nucleus-wide foci in both male and female cells ( Fig. 1B ; Supplemental Fig. S1A ). In immortalized or primary embryonic fibroblasts (PEFs), CIZ1 domains are discrete, while, in cancer-derived cell lines, they are more irregular (shown for MCF7 breast cancer cells in Supplemental Fig. S1A ). We hypothesized that the high-intensity domains present only in female cells correspond to Xi. Consistent with this, immunostaining of H3K27me3, a marker for Xi, colocalizes with CIZ1 in PEFs ( Fig. 1B ) and a range of other female cell types (Supplemental Fig. S1A ). CIZ1 did not colocalize with the active chromatin mark H3K4me3 or constitutive heterochromatin mark H3K9me3 (Supplemental Fig.  S1B ). Identification of the CIZ1 domains observed in female PEFs as the silenced X chromosome was confirmed by immuno-FISH for CIZ1 and Xist RNA (Fig. 1C ), which revealed localization within the same chromosome territory.
To determine at which stage of the XCI process CIZ1 is recruited, we analyzed CIZ1 localization in PGK12.1 XX mESCs at time points following the initiation of differentiation. CIZ1 localization to Xi was observed from day 1 and persisted throughout the time course ( Fig. 1D , Supplemental Fig. S1C ). This closely correlates with the dynamics of Xist RNA expression reported previously (Sheardown et al. 1997) . As in PEFs, CIZ1 domains colocalized with H3K27me3, identifying their location as Xi. CIZ1 is lost from Xi in late metaphase in both ESCs (Fig. 1E) and PEFs (Supplemental Fig. S1D ), indicating a cycle of recruitment and loss that is similar to Xist RNA (Duthie et al. 1999) . The smaller nucleus-wide foci remain qualitatively similar throughout ESC differentiation but are excluded from chromosomes in late metaphase (Supplemental Fig. S1D ; Greaves et al. 2012) .
Superresolution three-dimensional structured illumination microscopy (SR 3D-SIM) of endogenous CIZ1 together with endogenous Xist RNA in diploid female somatic C127I cells confirmed their adjacent localization, similar to that for SAF-A ( Fig. 2A ; Supplemental Fig. S2B ; Smeets et al. 2014) .
NM association of CIZ1 at Xi
The NM is a biochemically defined fraction that resists extraction from the nucleus and is thought to anchor and spatially organize nuclear processes, including DNA replication and repair, transcription, and pre-mRNA splicing (Wilson and Coverley 2013) . Serial extraction (Wilson et al. 2016) to reveal the fraction of CIZ1 that remains in cells after solubilization with (1) low-level detergent under physiological salt concentrations, (2) 0.5 M salt, or Fig. S2C ). While the small nucleus-wide foci remained under all conditions (part of the core protein NM), the high-intensity domain at Xi was released by digestion with RNase but not DNase. This resistance to high salt and DNase defines CIZ1 at Xi as part of the NM, but release by RNase shows this to be the RNA fraction of the NM and is consistent with its close association with Xist RNA.
When 3T3 cells were treated with the protein-protein cross-linker DTSP prior to extraction ( Fig. 2D ), the CIZ1 domain at Xi was rendered resistant to digestion with RNase. This suggests that it is in close proximity to proteins in the core NM, possibly the resistant fraction of CIZ1. Thus, two qualitatively different populations of NM-anchored CIZ1 are present in the nucleus, but most of the CIZ1 at Xi is anchored by association with RNA ( Fig. 2E ).
Similar analysis of the NM proteins SAF-A and YY1 in 3T3 cells showed that they are not enriched at Xi, that a NM-associated population can be revealed by removal of chromatin, and that both proteins are completely extracted by digestion of RNA (Supplemental Fig. S3 ). All three of these features are consistent with the published literature but distinguish SAF-A and YY1 from CIZ1.
Recruitment to Xi requires the CIZ1 C-terminal NM anchor domain
To ask whether recruitment of CIZ1 to Xi is mediated by the sequences that support attachment to the NM (Ainscough et al. 2007 ), the C-terminal anchor domain (GFP-C275, which includes C2H2-type zinc fingers and Matrin3-type RNA-binding zinc finger domains) and the N-terminal DNA replication domain (GFP-N572, which includes CDK phosphorylation sites and cyclin-binding motifs) were transiently transfected separately into 3T3 cells, and the frequency of accumulation at the Xi territory was scored after one cell cycle. N572 completely failed to accumulate at Xi, while C275 accumulated in large foci (Copeland et al. 2015) with the nuclear localization signal (NLS, green), functional CDK phosphorylation sites (pink), and RXL cyclin-binding motifs (gray) and the NM anchor domain (Ainscough et al. 2007 ) with the locations of C2H2-type zinc fingers (green), the Matrin3-type RNA-binding zinc finger (Prosite PS50171), and the acidic domain (labeled E). The locations of epitopes recognized by N-terminal and C-terminal antibodies are indicated. (B) Immunodetection of CIZ1 (green) in female PEFs from wild-type mice using N-terminal and C-terminal antibodies. Colocalization of CIZ1 and histone H3K27me3 (red) was observed as a discrete domain in all cells with H3K27me3 staining. n > 100. DNA was stained with DAPI (blue). Additional cell lines are shown in Supplemental Figure S1 that colocalized with endogenous CIZ1 at Xi (Fig. 3A) . However, compared with GFP-full-length CIZ1, the frequency of C275-marked X chromosomes was significantly reduced despite their presence in the nucleus. Thus, while sequences encoded in N572 are not sufficient to specify recruitment to Xi on their own, they do increase the efficiency of targeting. Live-cell imaging of a stably transfected P4D7F4 XY mESC line, which carries an mCherry-tagged inducible Xist transgene (Moindrot et al. 2015) , revealed colocalization between C275 and Xist RNA domains, whereas N572 showed no Xist colocalization ( Fig. 3B ). Together, these findings support a key role for the C terminus of CIZ1 in binding at Xi.
Recruitment of CIZ1 by Xist requires the Xist E repeat region
In undifferentiated male MG-3E (XY) ESCs carrying an inducible Xist transgene, CIZ1 is recruited to the Xist domain and shows an adjacent localization to Xist similar to that in female ESCs (Supplemental Fig. S4A ). To define elements in Xist RNA required for CIZ1 recruitment, we analyzed a series of inducible transgenic Xist deletion constructs in XY ESCs ( Fig. 3C; Supplemental Fig. S5 ) and a deletion of Xist exon IV from the endogenous Xist locus in female mouse embryonic fibroblasts (MEFs) (Supplemental Fig. S4B ; Caparros et al. 2002) . The deletions encompassed key elements, including six short tandem repeat regions (A-F) (Brockdorff et al. 1992; Brown et al. 1992; Nesterova et al. 2001) , which are conserved and, in some cases, have been shown to be functionally important. CIZ1 recruitment was found to be independent of the A repeat region, which is required for Xist-mediated silencing (Wutz et al. 2002) , and the XN region (repeats B and F), which is involved in the recruitment of PRC2 to Xi ( Fig. 3C ; da Rocha et al. 2014 ). However, a truncated Xist construct, which corresponds to the first 3 kb of Xist, does not recruit CIZ1, implicating regions further showing the protocol for serial extraction with detergent, high salt, DNase, or RNase to reveal the protein-RNA NM fraction or the RNA-independent NM fraction (protein only). (C) Images show CIZ1 (red) after serial extraction of 3T3 cells. The proportion of cells with discrete CIZ1-Xi domains is indicated (n > 100 for each condition), some with two domains, indicating that a proportion of cells is tetraploids with two Xis. Similar results were obtained with PEFs (Supplemental Figure S2C) . DNA (blue) shows the extent of nuclease treatment. Images were equally modified to allow direct comparison of fluorescence intensity across the different extraction conditions. Bar, 5 µm. (D)AsinC but with prior protein-protein cross-linking with DTSP. (E) Model showing two populations of CIZ1 in the NM (blue); RNA-dependent CIZ1 interacts with Xist, and RNA-independent CIZ1 is part of the core NM. SAF-A (Hasegawa et al. 2010 ) is also shown interacting with Xist E repeats and is depicted with YY1 in the RNA-dependent NM.
3 ′ . Accordingly, deletion of the E repeats, encompassing a 1.5-kb span of Xist exon 7, entirely abolished CIZ1 recruitment by Xist RNA (Fig. 3D ). Deletion of other 3 ′ regions, the D repeats, or the highly conserved Xist exon 4 had no effect ( Fig. 3C,D; Supplemental Fig. S4B ). These findings demonstrate a requirement for Xist E repeats for recruitment of CIZ1 and together raise the possibility that the C terminus of CIZ1 might functionally interact with Xist RNA via the E repeat region.
Functional analysis of CIZ1 in XCI
Loss-of-function mutations affecting factors critical for XCI, including Xist RNA, result in female-specific lethality, usually during early or mid-stages of embryogenesis.
To determine whether this is the case for CIZ1, targeted C57BL/6 ESCs generated using a gene trap strategy were used to produce heterozygous knockout mice (Supplemental Fig. S6A,B ). Viable ciz1 −/− male and female F1 progeny were born at the expected ratio ( Supplemental  Table S1 ), showed no difference in growth rate, and had no overt developmental defects. Loss of ciz1 transcript was confirmed in embryos (E12) and fibroblasts from 3-wk postnatal tail tip dermal tissue (tail tip fibroblasts [TTFs]) (Supplemental Fig. S6C ). Loss of protein expression was confirmed in TTFs, lymphocytes (Supplemental Fig. S6D ,E), and differentiating male germ cells, which normally express high levels of CIZ1 (Supplemental Fig.  S6F ; Greaves et al. 2012) . Thus, the gene trap insertion abrogates expression from the CIZ1 locus in vivo and in vitro, demonstrating that CIZ1 is not essential for embryogenesis, early postnatal development, or cell viability ex vivo.
The absence of an embryonic phenotype suggests that CIZ1 is not required for the establishment of a transcriptionally quiescent, inactivated X chromosome despite recruitment during Xist-dependent initiation of X inactivation (Fig. 1D ). Consistent with this, the transcriptome of CIZ1-null-derived female PEFs did not reveal widespread reactivation of Xi compared with wild-type controls ( Fig. 4A ; Supplemental Data Set S1). As expected, the Ciz1 gene was silenced in null cells (P = 5.00 × 10 −05 ; q = 0.005) (Supplemental Data Set S2), but comparison of all transcripts that map to the X chromosome of the Mus musculus C57BL/6 primary assembly GRCm38 (downloaded from http://www.ensembl.org on May 4, 2016) showed that most were not significantly altered and revealed little change in genes associated with the X inactivation center (XIC) (Fig. 4B) . The lack of widespread reactivation is in line with similar analyses and the understanding that loss of Xist RNA or other factors does not significantly compromise the maintenance of XCI (Csankovszki et al. 1999 ).
However, deregulation at the single-gene level was significant (P < 0.05) for 62 X-linked transcription units dispersed across the X. This is 3.6% of those that are expressed in PEFs and includes a similar number of upregulated and down-regulated genes and six where q < 0.05 (Agtr2, Fhl1, Tmem164, Gpm6b, XLOC3750, and XLOC830) (Supplemental Data Set S2). Induction of the full-length GFP-CIZ1 transgene in PEFs derived from CIZ1-null line e13.17 harboring an inducible CIZ1 transgene and doxycycline-regulatable transactivator (see the Supplemental Material) rebalanced the expression of all six genes, modulating four of them back to wild-type levels ( Fig. 4C) . Thus, expression of full-length CIZ1 compensates for genetic ablation and presumptive loss of the full repertoire of Ciz1 variant transcripts in the regulation of these genes.
Lymphoproliferative disorder in adult female mice
Although we observed no overt defects in embryogenesis or early postnatal development (Fig. 5) , progressive infirmity was observed in female CIZ1-null mice from 9 mo onward. Eight females and an equivalent number of males were therefore evaluated for abnormalities between 9 and 19 mo. This revealed lymphoproliferative disorder in all eight females and none of the males. Detailed histological assessment was undertaken for six of the females and compared with six wild-type females. A summary assessment of abnormalities in the spleens, livers, lungs, and lymph nodes for individual CIZ1-null and wild-type females is in Supplemental Table S2 , and pathology notes describing histological assessments are in Supplemental  Tables S3 and S4 . Notably, primary and secondary lymphoid tissues (spleen, lymph node, lung, and liver) were enlarged in all Ciz1 −/− adult females (Fig. 5C ). Secondary lymphoid tissues are sites where B and T lymphocytes are directed in search of antigen, leading to the regulated turnover or amplification of subsets of cells within germinal centers. This process is deregulated most notably in the spleen (Fig. 5C,D) , which displayed a fivefold enlargement in Ciz1 −/− (181-3679 mg) compared with Ciz1 +/+ (88-167 mg) mice. Histologically, lymph node and spleen architectures were abnormal, with effacement of normal follicles and significant infiltration of abnormal B (CD20 +ve) and reactive T (CD3 +ve) lymphocytes in all affected tissues (Fig. 5D,E) . At the cellular level, the disorder resembled non-Hodgkin follicular-type lymphoma, with three showing evidence of high-grade transformation consistent with diffuse large B-cell lymphoma (Ward 2006) . These data point to compromised XCI in lymphoid lineages and suggest that CIZ1 normally protects against tumor formation.
CIZ1 is required for Xist RNA localization in fibroblasts and splenocytes
While the viability of CIZ1-null embryos suggests that CIZ1 is not critical for the establishment of XCI, femalespecific lymphoid hyperproliferation nevertheless implies an important lineage-restricted function. To further investigate this, we performed RNA-FISH to analyze Xist domains in PEFs and splenocytes derived from CIZ1-null mice. In independently derived CIZ1-null fibroblast cell lines, we observed a strikingly dispersed Xist signal that occupies 40% of the nuclear area compared with <5% in wild-type cells as well as loss of H3K27me3 (Fig. 6A ). Dispersal cannot be attributed to increased Xist levels, as none of the three CIZ1-null PEFs showed any change in Xist transcript (Supplemental data set S1). X-chromosome paints showed no significant difference between wild-type and CIZ1-null PEFs (Fig. 6B ), suggesting that there is a deficit in Xist RNA localization rather than Xi organization.
Further substantiating the conclusion that CIZ1 plays a role in Xist RNA localization, induction of the full-length GFP-CIZ1 transgene (Fig. 6C-E) fully reinstated the localization of Xist RNA over Xi domains (Fig. 6F,G) . Prior to induction of CIZ1, Xist was dispersed in >80% of CIZ1null e13.17 PEFs but became relocalized to discrete domains that overlap with GFP-CIZ1 domains within 20 h (Fig. 6H) . Together, these observations demonstrate that CIZ1 plays a key role in Xist RNA localization in PEFs.
In light of the female-specific lymphoproliferative disorder observed in CIZ1-null animals, we went on to investigate the role of CIZ1 in X inactivation in hematopoetic lineages. We evaluated the impact of CIZ1 deletion in splenocytes from 6-wk-old females after stimulation of mixed populations of naïve B/T cells with either the Bcell activator lipopolysaccharide (LPS) or T-cell activator αCD3 antibody (αCD3). Consistent with a previous report (Wang et al. 2016) , activation of both cell types from wildtype mice induced dramatic focal localization of Xist to Xi within 24 h, and this was mirrored by accumulation of CIZ1 (Fig. 7) . However, activated B and T lymphocytes from CIZ1-null mice failed to efficiently localize Xist RNA to the Xi territory (Fig. 7B) . This finding identifies a transition point in the affected lineages that is compromised in CIZ1-null animals. To ask whether aberrant Xist localization leads to relaxed control over X-linked genes, we compared the transcriptomes of wild-type spleens (containing mostly naïve cells) and CIZ1-null spleens (containing hyperproliferative cell populations likely expanded from rare activated precursors) from adult mice. Overall, from the 2209 X-linked genes that returned test data (Supplemental Fig. S7A ; Supplemental data set S2), 16.4% were up-regulated and 8.7% were down-regulated by greater than twofold (Supplemental Fig. S7B ). As expected, whole-genome gene set enrichment analysis returned highly significant overlap with immunological processes and cell division gene ontology terms (Supplemental Fig. S7C ; Supplemental data set S3). Comparison of the X-linked genes with the gene list reported to be up-regulated in blood cells of Xist mutant mice (Yildirim et al. 2013) showed that many of the same genes are affected (Supplemental Fig. S7D ; Supplemental data set S4); however, a similar proportion of genes was affected genome-wide (Supplemental Fig. S7B ). Together, the data demonstrate that CIZ1 plays a key role in stabilizing Xist association with Xi in lymphoid lineages but that its effects are not limited to the X chromosome.
Discussion
Here we demonstrate that the NM protein CIZ1 is strongly enriched over the Xi territory. Although CIZ1 was not previously linked to XCI, one of four recent screens identified CIZ1 among 81 candidate Xist interactors (Chu et al. 2015) . Based on our findings, a relationship between CIZ1 and Xist is clear, although whether localization of CIZ1 to Xi domains is attributable to a direct interaction with Xist RNA or an interaction with other Xist or Xibound factors remains to be seen. Several observations support a functional interaction. First, loss of CIZ1 results in the dispersal of Xist in somatic cells. Second, CIZ1 enrichment occurs rapidly at the onset of Xist RNA expres-sion and is present in all observed cases in which Xist RNA domains are observed. Third, SR 3D-SIM analyses demonstrate that CIZ1 and Xist RNA lie in very close proximity and that CIZ1 is localized to the RNA-dependent NM compartment at Xi. Finally, the C terminus of CIZ1, which anchors it at Xi, encompasses known RNAbinding domains, notably the Matrin3-type zinc finger, suggesting a possible direct interaction. Interestingly, Matrin3 has also been identified as a candidate Xist interactor (Chu et al. 2015; Moindrot et al. 2015) . Further studies are nevertheless required to determine whether there is a direct interaction between CIZ1 and Xist RNA, specifically the E repeat region, and, at this stage, we cannot rule out that CIZ1 recognizes other Xist-interacting protein; for example, PTBP1 and PTBP2, recently shown to bind the E repeat region (Chen et al. 2016) .
Several studies have pointed to a role for the NM in anchoring Xist RNA within the Xi territory, and a number of other proteins that interact with the NM or with DNA sequences that interact with the NM (S/MARs) have been implicated in XCI, including SAF-A, YY1, and SATB1. SAF-A and CIZ1 are similar in that their ability to support Xist-mediated gene silencing and recruitment of Xist to Xi, respectively, is dependent on Xist E repeats (Hasegawa et al. 2010) , possibly identifying a common mechanism. Moreover, deletion of the E repeats was shown recently to result in dispersed localization of Xist RNA (Yamada et al. 2015) . These findings were attributed to SAF-A; however, our results suggest that loss of interaction with CIZ1 might contribute to the observed phenotype. Notably, the sensitivity of both SAF-A and YY1 to digestion of the RNA component of the NM distinguish them from CIZ1, which is part of the core protein matrix throughout the nucleus, suggesting important differences in their roles.
Scaffolding the structural reorganization of Xi during XCI or the maintenance of the compacted structure are possible functions for the NM to which CIZ1 might contribute. Another possibility, suggested by the function of CIZ1 in DNA replication, is the regulatable recruitment of factors into or away from the Xi territory. During late G1 phase, CIZ1 supports the recruitment of cyclin A to the NM. Cyclin docking on CIZ1, but not CIZ1 recruitment to the NM, is switched off at S phase (Copeland et al. 2015) . Thus, in the context of DNA replication, CIZ1 appears to be a cargo carrier or mediator that is sensitive to cell cycle stage, raising the possibility of a relationship with cell cycle regulators implicated in Xist retention (Hall et al. 2009 ).
Although our observations in PEFs and lymphocytes implicate CIZ1 in anchoring Xist to the NM, the fact that CIZ1-null females are viable implies that the same relationship might not apply during early embryogenesis. Based on this, we hypothesize that CIZ1 functions redundantly with other anchoring factors (for example, SAF-A) and that these are sufficient during embryogenesis but insufficient in PEFs or lymphocytes. A recent report suggested that SAF-A is not essential for Xist localization in all lineages and that other factors may compensate for its loss (Kolpa et al. 2016) . However, this is in contrast to genetic depletion of SAF-A in MEFs, which showed a requirement for SAF-A (Sakaguchi et al. 2016) . Thus, the relationship between CIZ1 and SAF-A is not known, and there may be more factors capable of anchoring Xist at Xi.
Here we show that the compact localization of Xist upon the stimulation of lymphoid lineages (Wang et al. 2016 ) is dependent on CIZ1, describing a role for CIZ1 in a lineage-restricted transition that occurs throughout the lifetime of mice. An Xist-dependent silencing pathway was reported previously to be transiently activated during hematopoetic differentiation (Savarese et al. 2006) , with pre-B and pre-T cells the most dependent. This aligns closely with our observation of B-cell and T-cell hyperplasia in CIZ1-null mice and is consistent with independent analysis that described a susceptibility to oncogene-induced transformation leading to leukemias in the absence of CIZ1, although no sex bias was reported in this study (Nishibe et al. 2013 ). We observed widespread deregulation of gene expression in the absence of CIZ1 in affected lineages, although this was not specific to the X chromosome. However, we cannot rule out that low-level reactivation of multiple X-linked genes together, considered collectively, confers the female-specific lymphoproliferation phenotype. Thus, it remains an open question whether the disorder observed in CIZ1-null mice is a consequence of compromised XCI. Proliferative disorders of the hematopoetic system have been associated with deletion or suppression of factors linked with XCI (Leong et al. 2013; Yildirim et al. 2013) , and abnormalities of XCI are reported frequently in cancers, including duplication of the active X (Xa) in breast and ovarian cancers and leukemias (Spatz et al. 2004; Lee and Bartolomei 2013) . However, X chromosomes carry proportionally more immune-related genes than the rest of the genome (Bianchi et al. 2012) , which means that a more general failure of the control of gene expression might manifest preferentially in females. Transcriptome analysis in PEFs identified candidate X-linked drivers of hematopoetic malignancies; Gpm6b overexpression is linked with B-cell lymphoma (Charfi et al. 2014) , and Figf (VEGF-D) is implicated in the metastatic spread of tumors via lymph nodes (Bardelli et al. 2007; Pazgal et al. 2007 ). However, we interpret this with caution because changes elsewhere in the genome, initiated directly or indirectly as a consequence of the loss of CIZ1, are also likely to play a role.
In conclusion, we defined a novel component of the X inactivation pathway: the NM protein CIZ1. Our results indicate that CIZ1 functionally interacts with Xist RNA via the E repeat region and, moreover, that CIZ1 facilitates in cis-localization of Xist RNA, functioning as an anchor to the NM in somatic cell lineages.
Materials and methods
Further details are available in the Supplemental Material.
Animals and genotyping
All animal work was carried out under a UK Home Office license. CIZ1-null mice were generated from C57BL/6 ES clone IST13830B6 (TIGM) harboring a neomycin resistance gene trap inserted downstream from exon 1. The absence of Ciz1/CIZ1 in homozygous progeny was confirmed by quantitative PCR, immunofluorescence, and immunoblot with CIZ1 N-terminal antibody. Inducible GFPCiz1-Tg mice, generated by pronuclear injection of a GFP full-length Ciz1 construct into CBA/C57BL6 fertilized eggs, were crossed with ROSA26-rtTA mice (Jackson Laboratories). All primers used for the characterization of Ciz1 targeting and the detection of transactivator and responder transgenes and sex are in the Supplemental Material.
Cell lines
All stable cell lines were grown following standard procedures. Mouse PEFs were derived from individual embryos at days 13-14 of gestation. Primary TTFs were generated from individual 3-wk-old mice. Genotype and sex were confirmed after explant culture using primers listed in the Supplemental Material. For in-ducible cells harboring ROSA26-rtTA and GFPCiz1-Tg transgenes, the addition of 5 µg/mL doxycycline to medium was used to induce detectable GFP-CIZ1 within 6 h. ESCs were grown on feeders with the addition of LIF. Where applicable, Xist expression was induced with doxycycline at 1.5 µg/mL. Male XY P4D7 ESCs, derived from the cross between Mus castaneous and 129+Ter/SvJcl and containing an rtTA cassette in the Gt(ROSA)26Sor locus (Moindrot et al. 2015) were used to generate stable autosomal integrants of Xist-inducible deletion variants.
Splenocyte isolation and activation
Spleens isolated from 6-wk-old wild-type and Ciz1-null females were pressed through 70-µm nylon filters to dissociate naïve B and T lymphocytes into medium (RPMI 1640; Invitrogen) supplemented with 10% fetal calf serum, 100 µ/mL penicillin, 10 µg/mL streptomycin, and 2 mM L-glutamine. The cells were pelleted at 450 g for 5 min and then resuspended in red blood cell lysis solution (Sigma) for 3 min before being pelleted and resuspended in 2 mL of medium. The cell suspensions were counted with Trypan blue to determine viability and adjusted to 10 × 10 6 cells per milliliter. One-hundred microliters (1 × 10 6 cells) was transferred into individual wells of a 96-well plate and supplemented with 100 µL of (1) medium for unactivated control, (2) 1 µg/mL LPS (Sigma) for B-cell activation, or (3) 1 µg/mL αCD3 (BioLegend) for T-cell activation. After 24-48 h, the cells were processed for RNA-FISH, immunofluorescence, and protein isolation.
Whole-genome RNA sequencing and bioinformatics
In brief, cell lines (detailed in the Supplemental Material) were grown to 80% density before RNA extraction and DNase I treatment. Libraries, optimized for 250-to 400-base-pair inserts, were prepared using NEBNext Ultra (Illumina), enriched for mRNA using NEBNext poly(A) mRNA magnetic isolation module, and sequenced to generate ∼5×10 7 reads per sample. STAR software was used to align reads to the C57BL/6 X chromosome. Transcriptome assembly and expression quantification were performed using Cufflinks and Cuffdiff. Of 85 differentially expressed X-linked transcription units (P < 0.05), 23 were excluded due to differential expression between biological replicates. Heat maps and gene enrichment analysis were carried out as described in the Supplemental Material.
Histology
Following dissection, tissues were transferred immediately into histological grade formalin and processed after 24-48 h. Immunostaining for CD antigens was performed using rabbit anti-CD3 for T cells (Abcam, ab16669) at 1:200 and goat anti-CD20 for B cells (Santa Cruz Biotechnology, sc7735) at 1:500.
ESC differentiation
Female PGK12.1 ESCs were grown in ES medium with LIF on gelatin without feeders. To induce differentiation, 1 × 10 6 cells were plated onto nongelatinized dishes without LIF. On day 3, differentiating colonies were replated onto bacterial dishes to stimulate embryoid body formation. On day 7, embryoid bodies were transferred to nongelatinized dishes to reattach. Fibroblast outgrowths were passaged as required.
